dissipative nonreciprocal devices, a circulator that is controlled by a single quantum system also enables operation in coherent superposition states of routing light in one and the other direction, providing a route toward its application in future photonic quantum protocols. The demonstrated operation principle is universal in the sense that it can straightforwardly be implemented with a large variety of different quantum emitters provided that they exhibit circularly polarized optical transitions and that they can be spin-polarized. Using state-of-the-art WGM microresonators (29) , one could realize a circulator with optical losses below 7% and close-to-unit operation fidelity (26) . This would then allow one to almost deterministically process and control photons in an integrated optical environment. Arranging N circulators so that they form a linear array allows one to realize a (2N + 2)-port optical circulator. Moreover, two-and three-dimensional networks of quantum circulators are potential candidates for implementing lattice-based quantum computation (30) . Such networks would enable the implementation of artificial gauge fields for photons (31) (32) (33) , in which a nonlinearity at the level of single quanta allows for the flux to become a dynamical degree of freedom that interacts with the particles themselves (34 
*
We demonstrate that nanoparticle self-assembly can reach the same level of hierarchy, complexity, and accuracy as biomolecules. The precise assembly structures of gold nanoparticles (246 gold core atoms with 80 p-methylbenzenethiolate surface ligands) at the atomic, molecular, and nanoscale levels were determined from x-ray diffraction studies. We identified the driving forces and rules that guide the multiscale assembly behavior. The protecting ligands self-organize into rotational and parallel patterns on the nanoparticle surface via C-H⋅⋅⋅p interaction, and the symmetry and density of surface patterns dictate directional packing of nanoparticles into crystals with orientational, rotational, and translational orders. Through hierarchical interactions and symmetry matching, the simple building blocks evolve into complex structures, representing an emergent phenomenon in the nanoparticle system.
H
ierarchical self-assembly of nanoparticles (NPs) into complex architectures across different length scales is an important capability in nanotechnology (1) (2) (3) (4) , especially for the bottom-up fabrication for electronics, sensors, energy conversion, and storage devices. Such self-assembly can be driven by entropydictated maximization of the packing density, as demonstrated in close packing of spheres, binary NPs, rods, and hard polyhedrons (5-9). Interparticle interactions, such as the electrostatic attraction (10), cDNA binding (11, 12) , and patchy NP surfaces (13) (14) (15) , have also been exploited to guide assembly into diverse lattice structures. Despite these advances, NP assembly has not achieved the same level of atomic accuracy as in biological systems.
We now demonstrate that NP-assembled structures can reach the same hierarchy and atomic accuracy as biomolecules at the interparticle and intraparticle levels. Through crystallization of uniform 2.2-nm gold NPs bearing pmethylbenzenethiolate (p-MBT) surface ligands [Au 246 (p-MBT) 80 ], we fully resolve the entire selfassembled structures at atomic (packing of gold atoms), molecular (packing of surface ligands), and nanoscale (packing of NPs) levels by singlecrystal x-ray diffraction (SC-XRD) (16) . The precise structural information across scales allows an indepth examination of the forces and the rules that govern the assembly behavior at each level. We reveal that the simple structure of protecting ligands can generate complex patterns on the NP surfaces, and the symmetry and density of the surface patterns further guide the packing of NPs into lattices with orientational, rotational, and translational order.
The Au 246 (p-MBT) 80 NPs were synthesized by a two-step "size-focusing" method (16) . Briefly, the ligand-coated NPs in a narrow size range from 10 to~70 kilodaltons were first made, and then the size focusing process gradually led to the stable Au 246 (p-MBT) 80 NPs (figs. S1 and S2). The asobtained product (~90% purity) was subject to further solvent fractionation to reach molecularly pure Au 246 NPs. Optical absorbance spectra showed a prominent peak at 470 nm and several weak humps at 400 and 600 nm ( fig. S3 ), indicating the nonplasmonic nature of the Au 246 (p-MBT) 80 NPs. Single crystals were grown by diffusion of antisolvent (acetonitrile) into a toluene solution of the pure Au 246 NPs. The structure was determined at the resolution of 0.96 Å by SC-XRD (tables S1 and S2). The individual NPs have a nearly spherical shape, with a metal core diameter of 2.2 nm and an overall diameter (including the ligand shell) of 3.3 nm ( fig. S4) .
In contrast to conventional spherical NPs, which are typically packed into superlattices with simple translational symmetry, such as facecentered cubic (fcc) or body-centered cubic (bcc) (11, 17) , the Au 246 (p-MBT) 80 NPs packed into a more complex monoclinic lattice (Fig. 1 ). In the (001) plane of the crystal lattice, the NPs organized into a square lattice (Fig. 1A) , akin to the packing mode in the {100} plane of the fcc lattice. The interparticle distance of 3.1 nm (less than the 3.3 nm overall size of the NP) arose from ligand interlocking. These two-dimensional (2D) lattices stacked up obliquely, instead of perpendicularly along the z direction (Fig. 1B) , so the overall 3D lattice deviated from the fcc lattice. The NP packing density of~60% is less than the 74% of the fcc lattice. Such monoclinic packing should be driven by specific interparticle interactions, because entropy alone would favor close packing (5-9). Indeed, when zooming into the surfaces of the NPs, the monoclinic packing was correlated to the alignment of surface ligands among NPs ( Fig. 1 , D to F, green, blue, red).
The p-MBT ligands were highly ordered and self-organized into two different patterns on the gold sphere ( Fig. 2A) . At the pole site of the gold sphere, 25 of the p-MBTs were rotationally arranged into four pentagonal circles (Fig. 2B , highlighted in red, blue, blue, green). Each circle had the same "latitude" and rotational direction. Instead of "on-top" adsorption, the thiolates (characterized by S-C bond vectors) "tilted" away from the radial direction of the gold sphere because of the gold-thiolate binding geometry (18) . This pattern we call a-rotation created a "singularity" (19) at the pole (Fig. 2B) . At the waist site, six of the p-MBT ligands were aligned into three alternating parallel pairs to form a pattern we call b-parallel (Fig. 2C) . Five of these b-parallel patches circled up and covered the waist of the NP. The packing densities of ligands are~14 ligands nm -2 for a-rotation and~6 ligands nm
for b-parallel as measured based on the surface area of the inner gold sphere ( Fig. 2A , magenta polyhedron). The clockwise and counterclockwise rotational arrangement of p-MBT ligands induces chirality in the NP, and both chiral isomers (denoted R/L) participate in the crystal packing ( Fig.  1 , C and F). The NPs with the same chirality are packed in the same square layer, and the neighboring square layers are composed of NPs with opposite chirality (Fig. 1C ). Such rotational and parallel self-assembled surface patterns of ligands are reminiscent of the a helix and b sheet in proteins, which suggests that NPs could exhibit a level of structural complexity comparable to that of biomolecules. The secondary structures of proteins are mainly stabilized by the hydrogen bonds. Here, the surface patterns on the NPs are stabilized by intermolecular C-H⋅⋅⋅p interactions, in which the C-H bonds from the phenyl rings or the methyl groups interact with the p electrons (Fig. 2D) . Such intermolecular interactions were observed in the packing structures of aromatic molecules and supramolecules, and the strength is about 1.5 to 2.5 kcal mol -1 (20, 21) . Specifically, the C-H⋅⋅⋅p interactions in the a-rotation linked the 25 p-MBT ligands into five spirals, with the H⋅⋅⋅p distances ranging from 2.5 to 3.0 Å and C-H-p angle ranging from 112°to 147°( fig. S5 ). For the b-parallels, the alternating pattern among the three pairs was also stabilized by the C-H⋅⋅⋅p interactions ( fig. S6 ).
Within each parallel pair, the phenyl rings were offset to avoid the repulsion between p electrons. We reason that the surface patterns are intrinsic to NPs instead of being induced by crystallization, because the collective C-H⋅⋅⋅p interactions can generate an energy barrier and stabilize the pattern, similar to the case in which the hydrogen bonds can stabilize the DNA double helix in solution.
To study the interparticle interactions, we isolated the coordination environment of NPs ( Fig. 3) , which reflects the orientational, rotational, and translational symmetry of the crystal lattice. Each NP has six nearest neighbors. Four of them were within the same square layer and had the same chirality as the central one (Fig. 3A , yellow arrows). The particle-to-particle distance was 31.0 Å, whereas the other two had opposite chirality (Fig. 3B , purple arrows) and the distance was 31.7 Å. These NPs interacted with the central one by aligning the a-rotation ligands at the pole sites, whereas there were fewer interactions of the b-parallel ligands at the waist site. The preferred alignment of a-rotation ligands was correlated to the higher packing density of ligands in a-rotation (~14 nm -2 ) compared to the density in b-parallel (~6 nm -2 ). In this way, the van der Waals interaction among the contacting ligands was maximized. This surface-density-dictated assembly strategy is in accordance with the assembly behavior observed in DNA-coated NPs (11, 12, 22) , oleic acid-protected nanoplates (15) , and nanocrystals (17) .
In addition to the maximization of ligand interactions, matching of surface symmetry was also important for ordered NP assembly. For a more detailed picture on interparticle interactions, we further isolated the contacting region among the top three and the central NPs (Fig. 3A , white frame), as reflected in the four pentagons shown in Fig. 3C . Notably, the central NP spontaneously matched with the same surface region of its neighbors when forming packing interaction (Fig.  3, C to E) . Each contacting area was composed of about five pairs of symmetrically identical p-MBT ligands located at the corners of the contacting pentagons (Fig. 3, D and E) . For the neighboring NPs with the same chirality as the central one, the pentagons were aligned side by side (Fig. 3D) , whereas for the opposite chirality, the pentagons were aligned point to point (Fig. 3E) . The spacing between interacting ligands was~2.5 Å, and the shortest spacing could reach 1.9 Å (fig. S7 ). This short distance indicates tight packing among NPs. The symmetry-matching strategy is akin to the assembly of gears (Fig. 3F) , with each contacting area resembling a tooth of the gear. Matching the symmetry facilitates the interlocking of surface ligands. Each pentagon has five potential contacting areas to connect with five other NPs, but only three are occupied because of the limited space around the NP.
The assembly structure provides a precise depiction of the long-standing issue of ligand effects on the packing structures of NPs (23, 24) . It implies that the inhomogeneous but symmetric distribution of surface ligands can serve as "sticky bonds" for directional NP assembly. Such spontaneously organized surface patterns have an effect similar to that of artificially decorated surface patches in guiding assembly (3, 13, 14) . The perfect uniformity of the NPs was critical for maintaining the fidelity of surface patterns. The packing behavior also represents an emergent phenomenon (25, 26) , in which small and simple entities (the surface ligands), through multiscale interactions, generate larger and more complex structures with new features that are not manifested in the simple entities. If the p-MBT ligand is viewed as the primary structure, then through the C-H⋅⋅⋅p interactions among the ligands, a more complex secondary structure of surface patterns is generated, and these surface patterns, via the density-and symmetry-dictated packing rules, further guide the packing of NPs into the tertiary structure of the crystal lattice. It is expected that by controlling the symmetries of surface ligand patterns, diverse packing structures of NPs could be achieved.
The assembly behavior within each NP also exhibits such order and hierarchy. The individual NP can be divided into four regions from the core to surface. The innermost part is a three-shell Au 116 Ino decahedron (i-Dh) exposing {111} facets at the poles and {100} facets at the waist (Fig. 4A  and fig. S8 ). The i-Dh is one of the energy minima for packing of metal atoms (27) (28) (29) . The second part is a transition layer containing 90 gold atoms (Fig. 4B, magenta) , which "sphericizes" the i-Dh, lowers the surface energy, and provides "footholds" for anchoring surface protecting motifs. The two parts together give rise to an Au 206 core. The average Au-Au bond length in the i-Dh was 2.87 ± 0.05 Å (fig. S9) , whereas the bonds associated with the transition layer showed larger deviations (2.89 ± 1.12 Å) because of the binding effect of surface ligands. The third part is the Au-S interfacial layer, in which the surface dangling bonds of the Au 206 core are anchored by the protecting motifs assembled from 40 gold and 80 sulfur atoms. The protecting motifs are highly diverse, in accordance with the rich surface features of the Au 206 core (such as facets and grooves, Fig. 4B ). At the poles, the exposed {111} facets are protected by -S-Au-S-Au-S-motifs and the {111}|{111} grooves are linked by simple bridging thiolates (Fig. 4C, bottom) ; at the waist, the {100}|{100} and {111}|{100} grooves are all covered by -S-Au-S-staple motifs (Fig. 4C, top) . The fourth part is the surface carbon layer as discussed above (Fig. 4D) . Although each part of the NP followed different assembling rules, the fivefold symmetry was always maintained (Fig. 4E ). An intriguing question is whether the packing symmetry of the surface patterns emerged from the core or the core symmetry emerged from the surface. Although each part of NP contributes to the overall energy minimization, we deduce that the surface ligands play a pivotal role in guiding the intraparticle assembly, because the gold atoms are less selective when packing into specific structure types such as fcc, decahedron, or icosahedron (30) . In addition, the rotational patterns of ligands induce the chirality in the interfacial layer and transitional layer (figs. S10 and S11), and packing of gold atoms alone cannot give rise to chirality. Also, the larger sphere of the ligands likely has a greater surface energy to minimize, and the structures of Au NPs were highly sensitive to the subtle changes of ligands (29) . 
*
Migrating animals have an impact on ecosystems directly via influxes of predators, prey, and competitors and indirectly by vectoring nutrients, energy, and pathogens. Although linkages between vertebrate movements and ecosystem processes have been established, the effects of mass insect "bioflows" have not been described. We quantified biomass flux over the southern United Kingdom for high-flying (>150 meters) insects and show that 3.5 trillion insects (3200 tons of biomass) migrate above the region annually. These flows are not randomly directed in insects larger than 10 milligrams, which exploit seasonally beneficial tailwinds. Large seasonal differences in the southward versus northward transfer of biomass occur in some years, although flows were balanced over the 10-year period. Our long-term study reveals a major transport process with implications for ecosystem services, processes, and biogeochemistry. L atitudinal migrations of vast numbers of flying insects, birds, and bats (1-7) lead to huge seasonal exchanges of biomass and nutrients across the Earth's surface (8) (9) (10) (11) . Because many migrant species (particularly insects) are extremely abundant (1, 5) , seasonal migrations may profoundly affect communities through predation and competition while transferring enormous quantities of energy, nutrients, propagules, pathogens, and parasites between regions, with substantial effects on essential ecosystem services, processes, and biogeochemistry (8) (9) (10) (11) , and, ultimately, ecosystem function.
Latitudinal bird migrations are well characterized; for example, 2.1 billion passerines migrate annually between Europe and Africa (2), integrating multisensory navigational information (12) , exploiting favorable winds and adopting adaptive flight behaviors (13) . By comparison, even though insect migration surpasses all other aerial migratory phenomena in terms of sheer abundance (1), latitudinal insect migration is largely unquantified, in particular for the majority of species that migrate hundreds of meters above the ground (5). Specialized radar techniques are required to study these high-flying insect migrants, as they are too small to carry transmitters or to be observed by any other means (14) . Until now, radar studies have been aimed almost exclusively at quantifying migrations of relatively few nocturnal species of agricultural pests (3).
We quantified annual abundance and biomass of three size categories of diurnal and nocturnal insects migrating above an area of~70,000 km 2 of the southern United Kingdom (Fig. 1A) , between 150 and 1200 m above ground level (agl) (Fig. 1B) , from 2000 to 2009 (15) . Abundance and biomass values for medium (10 to 70 mg) and large insects (70 to 500 mg) (referred to collectively as "larger insects") were calculated from measurements of >1.8 million individuals (table S1) detected by vertical-looking entomological radars (VLRs) located in the southern United Kingdom (Fig. 1A) . The VLRs provide a range of information-including body mass, flight altitude, aerial density, displacement speed, displacement direction, and flight heading-for all individual insects of >10-mg body mass that fly through the vertically pointing beam within the altitude range of 150 to 1200 m agl (14) . Annual abundance and biomass values for larger insects migrating over the study area were extrapolated from the aerial densities and body masses recorded above the VLR locations (15) . The third size category, small insects (<10 mg), are not sampled by VLRs, and so abundance and biomass data were calculated from aerial netting samples (16) taken~200 m agl near one of the radars (Fig. 1A) and extrapolated to the study area (15) . Larger diurnal migrants are predominantly beneficial species, including hoverflies, ladybeetles, carabid beetles, and butterflies (14) (15) (16) (17) , and the most abundant small day-fliers are cereal aphids (16) . The commonest larger nocturnal insects are lacewings and noctuid moths (14, 16) , whereas Diptera constitute the majority of the small nocturnal insects (16) .
An annual mean of 3.37 trillion insects (range 1.92 to 5.01 × 10 12
